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ABSTRACT 

We  have  developed  a  fabrication  method  of  ZnO  based  on  magnetron  sputtering,  “impurity-mediated 
crystallization  (IMC)”,  where  crystal  nucleation  and  the  growth  are  controlled  by  adsorbed  impurities  on 
the  growth  surface.  By  utilizing  ZnO  films  prepared  by  IMC  method  as  buffer  layers  (IMC  buffer  layers), 
two  kinds  of  high-quality  ZnO  based  semiconductors  have  been  fabricated,  the  properties  of  which  are 
superior  to  those  of  conventional  ZnO  films  fabricated  without  IMC  buffer  layers.  One  is  single  crystalline 
ZnO  films  with  atomically-flat  surfaces  that  are  heteroepitaxially  grown  on  lattice  mismatched  (18%) 
sapphire  substrates,  and  the  other  is  poly-crystalline  ZnO:Al  transparent  electrodes  with  low  resistivity 
(3x  10"4  Q  cm  @  20  nm)  that  are  non-epitaxially  grown  on  glass  substrates.  The  crystal  growth  mechanism 
of  ZnO  prepared  by  IMC  method  has  been  also  studied  by  observation  of  the  surface-morphology 
evolution.  In  the  case  of  heteroepitaxial  growth  of  ZnO  on  sapphire  substrates,  nitrogen  atoms  introduced 
as  impurities  lead  to  a  dense  and  homogeneous  nucleation  that  efficiently  release  the  strain  energy  coming 
from  the  large  lattice  mismatch,  and  resultant  IMC  buffer  layers  have  smooth  surface  and  good  in-plane 
alignment.  On  such  buffer  layers,  ZnO  crystals,  which  originate  from  the  grains  of  the  buffer  layers,  are 
grown  laterally  and  gradually  coalesced,  and  finally  a  single  crystalline  ZnO  is  formed.  From  these  results, 
we  conclude  that  IMC  method  is  a  powerful  tool  for  growth  of  high-quality  ZnO  that  can  replace 
rare-metal-based  materials  in  optoelectronic  devices  such  as  In203:Sn  as  transparent  conducting  oxides 
(TCOs)  and  GaN  in  light  emitting  devices,  bringing  a  significant  reduction  in  the  cost  as  well  as  the  reduction 
of  damage  to  human  health  and  the  environment. 


1.  INTRODUCTION 

Oxide  semiconductors  have  attracted  much  attention  because  of  their  advantages  such  as  high 
transparency  and  wide-ranging  conductivity.  ZnO  is  one  of  the  most  fascinating  oxide  with  a  wide 
application  range.  The  low  electrical  resistivity,  the  high  transparency  to  visible  lights,  and  the  material 
abundance  make  ZnO:Al  (AZO)  a  great  potential  alternative  to  In203:Sn  (ITO)  as  transparent  conductive 
oxide  (TCO)  in  flat-panel  displays,  touch  screens  on  smartphones,  organic  light-emitting  diodes  (OLEDs), 
solar  cells,  etc  [1-6].  The  resistivity  of  AZO  fabricated  on  glass  substrates,  however,  is  higher  than  that  of 
ITO,  especially  when  the  film  thickness  is  less  than  lOOnm  [1,7].  Since  the  crystallinity  of  ZnO  films 
strongly  affects  both  the  carrier  density  and  the  mobility,  fabrication  methods  of  ZnO  films  with  good 
crystal  alignment,  large  crystal  grain  size,  and  low  defect  density  is  required. 

ZnO  has  been  also  recognized  as  a  candidate  for  high  performance  ultraviolet  light-emitting  diodes 
(LED)  and  laser  diodes  (LD)  that  take  advantage  of  its  high  exciton  binding  energy  of  60  meV,  which  is 
larger  than  that  of  the  commercial  LED  material,  GaN  (25  meV)  [8-10].  This  large  exciton  binding  energy 
enables  high-efficiency  light  emission  through  exciton  recombination  even  at  room  temperature  or  higher. 
Furthermore,  due  to  the  material  abundance  and  low  toxicity  of  ZnO,  replacement  of  GaN  will  bring 
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significant  reduction  in  the  cost  as  well  as  the  reduction  of  damage  to  human  health  and  the  environment. 
Since  such  devices  require  single  crystals  with  low  defect  density,  ZnO  based  LEDs  have  been  fabricated 
on  lattice-matched  but  expensive  substrates  such  as  bulk  ZnO  and  ScAlMg04  substrates[8,9]. 
Furthermore,  these  ZnO  films  have  been  fabricated  by  molecular  beam  epitaxy  (MBE)  method  that  needs 
ultrahigh  vacuum  of  10"7  Pa.  Even  though  the  material  cost  of  ZnO  itself  is  much  lower  than  that  of  GaN, 
it  is  essential  to  fabricate  single  crystalline  ZnO  films  on  cost-effective  substrates  by  a  mass -productive 
method  for  replacement  of  GaN.  C-plane  sapphire  has  a  great  potential  as  an  epitaxial  substrate  for  ZnO 
because  of  its  low  cost  and  the  availability  in  large  area  wafers.  Due  to  the  large  lattice  mismatch  of  18%, 
however,  ZnO  films  prepared  on  sapphire  substrates  have  large  crystal  mosaics,  high  residual  carrier 
concentrations,  and  low  mobility,  all  of  which  make  optoelectronic  applications  challenging  [11]. 

This  research  aims  to  establish  methods  of  fabricating  i)  single-crystalline  ZnO  films  on  c-plane 
sapphire  substrates  and  ii)  poly-crystalline  low-resistive  ZnO  based  TCOs  on  glass  substrates,  which  are 
highly  competitive  with  rare-metal-based  materials  such  as  GaN  and  In203:Sn,  by  a  cost-effective 
deposition  technique.  For  this  purpose,  magnetron  sputtering  with  working  pressure  of  0.1-1  Pa,  which 
has  great  advantages  in  terms  of  mass  production,  was  employed  for  film  deposition. 

One  of  the  most  promising  means  to  improve  the  crystal  quality  of  ZnO  films  is  to  prepare  buffer 
layers  prior  to  the  crystal  growth.  Various  types  of  ZnO  buffer  layers  have  been  reported.  Khranovsky  et 
al.  fabricated  highly  oriented  ZnO  (002)  films  on  c-sapphire  substrates  by  incorporating  low  temperature 
(LT)  ZnO  buffer  layers  prepared  by  metalorganic  chemical  vapor  deposition  [12].  In  that  work,  X-ray 
diffraction  (XRD)  20-<jo  patterns  showed  only  the  (002)  diffraction  peak,  whereas  ZnO  films  without  the 
buffer  layers  showed  the  (100)  and  (101)  diffraction  peaks  aside  from  (002)  peak.  Similarly,  Nakamura  et 
al.  fabricated  ZnO  films  by  pulsed-laser  deposition  on  LT  buffer  layers  on  c-plane  substrates. [13]  With 
buffer  layers  deposited  at  500°C,  the  full-width  half-maximum  (FWHM)  of  the  (002)  rocking  curve 
decreased  to  0.09°  from  0.2-0.30,  indicating  that  well  aligned  ZnO  films  were  fabricated.  These  results 
certainly  demonstrate  that  buffer  layers  improve  the  crystal  quality  of  ZnO  films.  Single  crystalline  ZnO 
films  with  desired  properties  for  homojuncion  LED/LD  have,  however,  not  been  obtained  yet.  The  idea  of 
LT  buffer  layers  was  first  reported  by  Amano  et  al.,  having  been  practically  used  for  fabrication  of  GaN 
based  LED  on  sapphire  substrates,  where  the  lattice  mismatch  between  GaN  and  sapphire  is  large  of  16% 
[14].  The  role  of  the  LT  buffer  layers  is  to  provide  high  density  of  nucleation  site  and  smooth  surface,  and 
thus  to  reduce  the  interfacial  free  energy  between  GaN  and  the  substrates  that  comes  from  the  large  lattice 
mismatch.  The  nucleation  control  of  the  LT  buffer  layers  is  carried  out  through  deposition  of  amorphous 
films  at  a  temperature  sufficiently  lower  than  the  crystal  growth  temperature  and  annealing  them.  Such 
buffer  layers  enhance  the  lateral  growth  of  subsequently  grown  GaN,  as  a  result,  single  crystalline  GaN 
films  are  fabricated.  In  the  case  of  ZnO,  however,  LT  buffer  layers  have  limited  effects  on  the 
improvement  of  the  crystal  quality  because  the  amorphous  phase  of  ZnO  is  difficult  to  obtain  even  at  room 
temperature  because  of  the  low  crystallization  temperature.  This  is  apparent  when  a  sputtering  method  is 
employed  for  film  deposition,  where  the  high  energy  of  impingement  of  sputtered  species  as  well  as 
negative  oxygen  ions  and  recoil  argons  exists. 

In  this  research,  a  new  buffer  layer  fabricated  via  impurity-mediated  crystallization  (IMC)  is  proposed, 
where  the  nucleation  and  the  growth  of  ZnO  crystals  are  controlled  by  controlling  adsorption/desorption 
behaviour  of  impurity  atoms  on  the  growth  surface,  instead  of  lowering  the  deposition  temperature. 


2.  EXPERIMENTAL 

2.1  Heteroepitaxial  growth  of  single  crystalline  ZnO  films  on  c-plane  sapphire  substrates 
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2.1.1  Fabrication  of  IMC  buffer  layers  on  c-plane  sapphire  substrates 

IMC  buffer  layers  were  deposited  on  10x10  mm2  c-plane  sapphire  substrates  by  RF  magnetron 
sputtering.  The  target-substrate  distance  was  74.5  mm.  ZnO  ceramic  targets  (2  inch  in  diameter)  were 
used,  and  the  RF  power  supplied  to  each  target  was  100  W.  The  substrate  temperature  was  680-7 80°C. 
Ar-N2  mixed  gas  with  N2/(Ar+N2)  flow  rate  ratio  of  0.08  was  used  and  the  total  gas  pressure  was  0.30  Pa. 
For  comparison,  ZnO  buffer  layers  were  fabricated  in  Ar/02  atmosphere  (“conventional  buffer  layers”) 
with  the  same  sputtering  system.  The  thickness  of  buffer  layers  was  10  nm,  confirmed  by  X-Ray 
Reflectometry  (XRR,  Bruker  D8  Discover).  The  nitrogen  concentration  in  the  films  fabricated  in  this 
study  was  below  the  detection  limit  of  X-ray  fluorescence  (XRF)  spectrometer  (Rigaku  ZSX  Primus  II), 
attributed  to  the  high  substrate  temperature  that  activates  desorption  of  nitrogen  species  from  the  growth 
surface  of  ZnO  films  [15].  The  surface  morphologies  were  investigated  by  tapping  mode  atomic  force 
microscopy  (AFM,  Veeco  Nanoscope  II). 

2.1.2  Fabrication  of  single  crystalline  ZnO  films  on  IMC  buffer  layers 

Single  crystalline  ZnO  films  were  grown  on  buffer  layers  with  the  same  sputtering  system  as  that  used 
for  buffer  layer  deposition.  ZnO  ceramic  targets  (2  inches  in  diameter)  were  used  and  the  RF  power 
supplied  to  each  target  was  60  W.  The  substrate  temperature  was  kept  at  700°C.  Ar-02  mixed  gas  with  an 
02/(Ar+02)  flow  rate  ratio  of  0.10  was  used,  and  the  total  deposition  pressure  was  0.70  Pa.  For 
comparison,  ZnO  films  that  were  deposited  directly  on  sapphire  substrates  without  buffer  layers  were 
prepared  under  the  same  deposition  conditions.  From  scanning  electron  microscopy  (SEM)  observation,  it 
was  confirmed  that  the  film  thickness  of  ZnO  films  was  1  pm.  The  crystallinity  of  all  the  films  was 
evaluated  by  X-ray  diffraction  (XRD)  using  a  four-circle  texture  diffractometer  (Bruker  D8  Discover), 
and  a  Cu  Ka  source  (k  =  0. 154  nm).  The  surface  morphologies  were  investigated  by  tapping  mode  AFM. 
Electrical  properties  were  evaluated  by  Hall-effect  measurement  by  using  the  four-point  van  der  Pauw 
configuration  at  room  temperature. 

2.2  Nonpitaxial  growth  of  poly-crystalline  ZnO  based  TCOs  on  glass  substrates 

2.2.1  Fabrication  of  IMC  buffer  layers  on  glass  substrates 

IMC  buffer  layers  were  deposited  onto  quartz  glass  substrates  by  RF  magnetron  sputtering.  The 
target-substrate  distance  was  100  mm.  ZnO  ceramic  targets  (2  inch  in  diameter)  were  used,  and  the  RF 
power  supplied  to  each  target  was  50  W.  The  substrate  temperature  was  300°C.  Ar-N2  mixed  gas  with  an 
N2/(Ar+N2)  flow  rate  ratio  of  0.20  was  used,  and  the  total  deposition  pressure  was  0.45  Pa.  For  the  study 
of  desorption  behavior  of  nitrogen  from  films,  Ar-N2  mixed  gas  with  N2/(Ar+N2)  =  0.65  was  employed, 
since  nitrogen  in  IMC  buffer  layers  fabricated  under  the  above  mentioned  condition  could  not  be  detected 
by  our  XRF  system  (Rigaku  ZSX  Primus  II)  .  The  film  thickness  was  varied  from  1  to  100  nm.  For 
comparison,  ZnO  buffer  layers  were  prepared  by  in  pure  Ar  atmosphere  with  the  same  sputtering  system 
(“conventional  buffer  layers”). 

2.2.2  Fabrication  of  poly-crystalline  AZO  films  on  IMC  buffer  layers 

AZO  films  were  deposited  on  buffer  layers  as  well  as  without  buffer  layers,  with  the  same  sputtering 
system  as  that  used  for  buffer  layer  deposition.  The  target-substrate  distance  was  75  mm.  Zn0:Al203  (2 
wt.%)  targets  were  used  and  the  RF  power  supplied  to  each  target  was  130  W.  The  substrate  temperature 
was  200°C.  Pure  Ar  was  used,  and  the  working  pressure  was  0.34  Pa.  AZO  film  thickness  was  20-200 
nm.  The  structural  properties  of  the  films  were  analyzed  with  XRD  (Bruker  D8  Discover)  using  Cu  Ka 
radiation  Qj=  0.154  nm).  The  film  thickness  of  10  to  100  nm-thick  films  was  obtained  by  XRR  method, 
whereas  the  thickness  below  10  nm  was  an  effective  one  deduced  from  the  deposition  rate.  The  surface 
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morphology  of  the  films  was  characterized  with  AFM  (Veeco  Nanoscope  II).  The  scanned  surface  area 
was  lxl  pm2.  AFM  data  was  analyzed  using  an  image  processing  software,  ImageJ  [16,17].  The  electrical 
properties  of  AZO  films  were  measured  by  Hall-effect  measurement. 


3.  RESULTS  AND  DISCUSSION 

3.1  Sputter  deposition  of  single  crystalline  ZnO  films  on  lattice  mismatched  substrates 

3.1.1  Roles  of  impurity  during  fabrication  of  buffer  layers  on  lattice  mismatched  substrates 

AFM  observation  reveals  that  nitrogen  introduced  as  impurities  has  significant  effects  on  increase  in 
the  grain  density  as  well  as  the  surface  smoothing  of  buffer  layers  fabricated  on  lattice  mismatched 
substrates.  Figures  1(a)  and  (b)  show  AFM  images  of  a  conventional  buffer  layer  fabricated  in  Ar-02 
atmosphere  and  an  IMC  buffer  layer  fabricated  in  Ar-N2  atmosphere,  respectively.  During  epitaxial 
growth  of  conventional  buffer  layers  on  sapphire  substrates,  highly  strained  two-dimensional  (2D)  layers 
are  initially  formed,  and  then  subsequent  growth  of  three-dimensional  (3D)  columnar  grains  on  the  2D 
layers  releases  the  strain  energy  stored  in  the  films  (Stranski-Krastanov  mode)  that  comes  from  the  large 
lattice  mismatch  of  18%.  As  a  result,  conventional  buffer  layers  have  grains  with  poor  crystal-axis 
alignment  and  rough  surfaces.  Figure  1  (c)  shows  XRD  phi  scan  of  (101)  plane  for  a  conventional  buffer 
layer,  indicating  large  twist  angle  as  well  as  the  presence  of  30°-rotated  domains.  The  root-mean- square 
(RMS)  roughness  of  the  conventional  buffer  layer,  derived  from  the  analysis  of  AFM  image,  is  large  of 
0.83nm.  In  contrast,  our  IMC  buffer  layer  possesses  high  surface  concentration  of  crystal  grains, 
attributed  to  the  adsorbed  nitrogen  atoms  that  disturb  lateral  growth  of  crystal  grains.  Owing  to  the  small 
grain  size,  the  strain  energy  is  s  efficiently  released  at  grain  boundaries  even  at  the  early  stage  of  crystal 
growth,  resulting  in  the  films  with  small  twist  angle  without  a  rotated  domain  (Fig.  1  (d)).  Furthermore,  the 
RMS  roughness  is  drastically  reduced  to  0.14  nm. 
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Figure  1.  (a),  (b)  AFM  images  of  conventional  buffer  layer  (a)  and  IMC  buffer  layers  (b).  (c),  (d)  XRD  phi  scans 
of  ZnO  (101)  planes  for  conventional  buffer  layer  (c)  and  IMC  buffer  layer  (d).  The  film  thickness  is  10  nm. 

3.1.2  Substrate-temperature  effects  on  the  morphology  of  IMC  buffer  layers 

Next,  we  investigated  the  effects  of  substrate  temperature  Ts ,  which  governs  nitrogen  desorption 
behaviour  during  film  growth,  on  the  morphology  of  buffer  layers.  Figure  2  shows  the  deposition  rates  of 
IMC  buffer  layers  as  a  parameter  of  Ts.  For  a  comparison,  deposition  rates  of  conventional  buffer  layers 
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are  also  shown  in  Fig.  2.  With  increasing  Ts ,  the  deposition  rate  of  conventional  buffer  layer  monotonically 
decreases,  attributed  to  the  enhancement  in  the  desorption  of  Zn  and  O  atoms  from  the  growth  surface.  In 
contrast,  the  deposition  rate  of  IMC  buffer  layer  shows  somewhat  complicated  behaviour.  The  lower 
deposition  rate  of  IMC  buffers  in  the  whole  Ts  range  is  interpreted  as  the  result  of  nitrogen  atoms  inhibiting 
the  crystal  growth  of  ZnO.  In  Ts  range  680-720°C  and  735-780  °C,  the  deposition  rate  of  IMC  buffer  layer 
decreases  with  increasing  Ts  as  is  the  case  with  ZnO  films.  On  the  other  hand,  in  Ts  range  720-735°C,  the 
deposition  rate  increases  with  increasing  Ts.  These  results  suggest  that  the  lifetime  of  adsorbed  nitrogen 
atoms  that  disrupt  the  crystal  growth  as  well  as  enhance  the  migration  of  adatoms  such  as  Zn  and  O  is 
significantly  decreases  with  increasing  Ts  from  720°C  to  735°C. 

Figure  3  shows  grain  density  of  IMC-ZnO  buffer  layers  as  a  parameter  of  Ts.  The  grain  density  of 
IMC  buffer  layer  increases  with  increasing  Ts  from  700  to  735°C,  attributed  to  the  enhancement  in  the 
migration  of  adsorbed  nitrogen  that  disrupt  the  crystal  growth.  A  further  increase  in  Ts ,  however, 
decreases  the  grain  density.  This  decrease  results  from  the  fact  that  the  crystal  grains  of  IMC  buffer  layers 
become  larger  and  are  distributed  more  sparsely  in  Ts  range  735-780°C.  This  morphology  change 
observed  at  Ts  >735°C  is  because  of  the  short  lifetime  of  the  nitrogen  adatoms  at  high  Ts.  Figure  4  shows 
height  distributions  of  IMC  buffer  layers  fabricated  at  various  Ts ,  which  are  derived  from  AFM  images. 
As  Ts  increases  from  700  to  735°C,  the  height  distribution  becomes  narrower,  and  the  peak  width  reaches 
minimum  at  7^=735°C,  where  the  crystal  grains  are  distributed  densely  and  homogeneously.  While,  as  Ts 
increases  from  735  to  780°C,  the  height  distribution  become  broader,  which  is  due  to  inhomogeneous 
nucleation  resulting  from  the  large  desorption  rate  of  nitrogen  adatoms  from  the  growth  surface. 

Figure  2.  (a)  Deposition  rate  of  buffer  layers  as  a  parameter  of  Ts.  (b)  Grain  density  of  IMC  buffer  layers  as  a 


parameter  of  Ts.  (c)  Height  distributions  of  IMC  buffer  layers  fabricated  at  various  Ts. 


3.1.3  Growth  of  single  crystalline  ZnO  films  on  IMC  buffer  layers 

By  utilizing  IMC  buffer  layers,  single  crystalline  ZnO  films  on  lattice-mismatched  c-A1203  substrates 
(18%)  have  been  successfully  fabricated.  Figures  3  (a)  and  (b)  show  AFM  images  of  ZnO  films  fabricated 
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Figure  3.  AFM  images  of  ZnO  films  fabricated  on  a  conventional  buffer  layer  (a)  and  on  IMC  buffer  layer  (b). 


3.1.4  Effects  of  surface  morphology  of  IMC  buffer  layers  on  crystal  growth  of  ZnO  growth 

Aiming  at  further  improvement  of  the  quality  of  ZnO  films,  we  have  studied  effects  of  the  surface 
morphology  of  IMC  buffer  layers  on  the  crystal  growth  of  ZnO.  Figure  4  shows  AFM  images  of  ZnO  films 
grown  on  IMC  buffer  layers  that  were  deposited  at  various  Ts.  Here,  all  the  ZnO  films  were  fabricated  at 
700°C,  and  no  post  annealing  was  performed.  It  was  fond  that  the  morphology  of  the  buffer  layers 
significantly  affects  the  crystal  growth  of  ZnO.  On  IMC  buffer  layer  fabricated  at  Ts= 735°C,  a  pit-free 
ZnO  single  crystal  with  atomically-flat  surface  is  grown.  Since  the  buffer  layer  fabricated  at  Ts= 735°C  has 
the  smoothest  surface  with  RMS  roughness  of  0.128  nm,  which  owes  to  the  densely  and  homogeneously 
distributed  crystal  grains,  the  enhanced  migration  of  adsorbed  Zn  and  O  atoms  on  the  buffer  layer  may 
result  in  the  lateral  growth  of  ZnO  crystal.  In  contrast,  poly-crystalline  ZnO  film  with  large  roughness  is 
grown  on  the  buffer  layer  fabricated  at  Ts=  780°C,  the  mechanism  of  which  is  discussed  below. 

Figure  5  shows  FWHM  of  (0002)  symmetric  rocking  curves  for  ZnO  films  on  IMC  buffer  layers  as  a 
function  of  the  substrate  temperature  Ts  for  buffer  layer  deposition.  Here,  all  the  ZnO  films  are  epitaxially 
grown  on  c-sapphire  substrates,  where  the  epitaxial  relationship  between  ZnO  and  sapphire  is  [0001]Zno 
1 1  [0001]  sapphire  and  [10-10]  zno  1 1  [  1 1  -20]  sapphire*  ZnO  films  with  high  out-of-plane  alignment  are  obtained  by 
using  IMC  buffer  layers  fabricated  at  Ts= 700-760°C.  While,  on  IMC  buffer  layer  fabricated  Figure  4. 


AFM  images  of  ZnO  films  deposited  on  IMC  buffer  layers  that  were  fabricated  at  700°C  (a),  720°C  (b),  725°C  (c), 
735°C  (d),  760°C  (e),  and  780°C  (f).  Here,  no  post  annealing  was  performed.  Inset  shows  AFM  images  of  IMC 
buffer  layers. 

at  7>780°C,  ZnO  film  has  large  tilt  angle,  resulting  in  the  large  FWHM  of  0.26°.  From  the  analysis  of 
residual  stresses  of  ZnO  films  by  using  Williamson-Hall  method  [18],  the  good  out-of-plane  alignment 
observed  at  Ts  =  700-760°C  was  found  to  be  due  to  the  small  residual  stress  of  ZnO  films.  In  the  case  of 
epitaxial  growth  on  lattice  mismatched  substrates,  large  strain  energy  is  generally  stored  in  the  films  as  is 


the  case  when  using  the  buffer  layer  fabricated  at  Ts= 780°C.  However,  by  utilizing  the  buffer  layers  with 
large  grain  density  obtained  at  Ts= 700-760°C,  the  strain  energy  is  efficiently  released  at  grain  boundaries, 
resulting  in  the  films  with  low  residual  stress,  that  is,  the  films  with  good  alignment  in  the  crystal  axis. 
Figure  5.  FWHM  of  (0002)  symmetric  rocking  curves  and  residual  stress  of  ZnO  films  versus  substrate 
temperature  Ts  for  buffer  layer  deposition. 


3.1.5  Growth  model  of  single  crystalline  ZnO  films  fabricated  on  IMC  buffer  layers 

Based  on  the  above  results,  we  propose  a  growth  model  of  single  crystalline  ZnO  films  that  are  prepared  on 
lattice-mismatched  sapphire  substrates  with  IMC  buffer  layers,  the  schematic  of  which  is  shown  in  Fig.  6. 
On  conventional  buffer  layers,  the  large  surface  roughness  of  buffer  layers  does  not  allow  2D  growth,  and 
the  large  tilt  and  twist  angles  prevent  coalescence  of  columnar  grains.  In  contrast, 
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Figure  6.  Crystal  growth  model  of  ZnO  on  lattice-mismatched  substrates, 
on  IMC  buffer  layers,  3D  columnar  grains  are  initially  formed,  and  then  subsequent  coalescence  of  the 
grains  occurs  because  all  of  the  grains  are  well  aligned  in  both  out-of-plane  and  in-plane  directions.  The 
smooth  surface  of  IMC  buffer  layers  also  enhance  the  migration  of  adatoms,  which  allows  2D  crystal 
growth  of  ZnO  films,  resulting  in  single  crystalline  ZnO  with  atomically  flat  surface.  Since  the  concept  of 
this  crystal  growth  method  can  be  applied  to  other  materials  that  have  no  lattice-matched  substrates, 
IMC-method  will  also  open  up  a  new  pathway  for  development  of  wide  variety  of  materials. 


3.2  Sputter  deposition  of  poly-crystalline  ZnO  based  TCOs  on  glass  substrates 

3.2.1  Roles  of  impurity  during  non-epitaxial  growth  on  glass  substrates 

3.2. 1.1  Impurity  concentration  in  IMC  buffer  layers 
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IMC  method  is  a  method  in  which  the  nitrogen  atoms  introduced  as  impurity  are  used  to  control  nucleation 
via  impurity  adsorption  and  desorption.  Therefore,  it  is  of  importance  to  study  the  nitrogen  desorption 
behaviour  as  well  as  to  evaluate  the  amount  of  residual  nitrogen  in  the  films.  For  this  purpose,  we 
measured  nitrogen  concentration  in  IMC  buffer  layers  deposited  at  various  temperature  by  XRF.  The 
results  are  shown  in  Figure  7.  Here  N2/(Ar+N2)  flow  rate  ratio  was  0.65.  Nitrogen  concentration  at  RT  and 
100°C  is  around  15  at.%.  It  decreases  down  to  2.5  at.%  with  increasing  the  temperature  up  to  500°C. 
XRD  wide  scan  reveals  that  no  Zn3N2  is  formed,  and  all  films  in  this  study  are  ZnO.  Moreover,  nitrogen  is 
a  very  insoluble  element  in  ZnO,  that  is,  the  solubility  limit  of  nitrogen  in  ZnO  is  4  atomic  ppm  [19].  The 
solute  element,  nitrogen  can  either  take  a  substitutional  position  or  an  interstitial  position  of  ZnO  crystals. 
Since  our  films  are  polycrystalline  ones,  probably  being  more  defective  than  those  in  [19],  more  grain 
boundaries  and  vacancies  in  films  can  trap  nitrogen,  making  the  nitrogen  solubility  of  our  films  higher  than 
4  atomic  ppm.  Moreover  nitrogen  concentration  in  films  tend  to  be  higher  for  films  deposited  at  the  lower 
deposition  temperature,  because  crystallinity  degrades  and  nitrogen  desorption  from  surface  is 
suppressed.  We  deduced  that  activation  energy  of  nitrogen  desorption  from  IMC  ZnO  buffer  layers  is  0. 1 9 
eV.  This  activation  energy  of  nitrogen  desorption  is  much  lower  than  that  of  activation  energy  of 
desorption  of  chemisorbed  hydrogen  from  ZnO  (0.47-0.81  eV)  [20],  indicating  that  the  nitrogen  is  easily 
desorbed  out  from  films.  IMC  buffer  layers  hereafter  were  deposited  at  300°C  using  Ar-N2  mixed  gas  of 
N2/(Ar+N2)  flow  rate  ratio  of  0.20,  and  hence  N  concentration  in  the  films  is  below  the  detection  limit  of 
XRF. 


Temperature  (°C) 

Figure  7.  Deposition  temperature  dependence  of  N  concentration  in  IMC  buffer  layers.  N2/(Ar+N2)  flow  rate  ratio 
was  0.65. 


3.2. 1.2  Evolution  of  surface  morphology  of  IMC  buffer  layers 

Evolution  of  surface  morphology  of  IMC  and  conventional  buffer  layers  was  observed  by  AFM. 
Figure  8  shows  AFM  images  of  buffer  layers  as  a  parameter  of  the  film  thickness.  It  is  worthy  for  noting 
that  nucleation  takes  place  densely  and  uniformly  at  IMC -buffer-layer  thickness  of  4  nm.  Further  increase 
in  the  film  thickness  gives  similar  surface  morphology  except  an  increase  in  the  grain  size.  At  the  early 
growth  stage  of  3  nm  in  thickness,  the  conventional  buffer  layer  has  less  uniform  surface  morphology  with 
sparsely  distributed  grains.  Then  the  buffer  layer  keeps  its  less  uniform  surface  morphology  with 
inhomogeneously  distributed  grains. 
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Figure  9  shows  average  grain  size  of  buffer  layers  deduced  from  AFM  images.  The  grain  size  of 
conventional  buffer  layer  monotonically  increases  with  the  film  thickness,  indicating  the  crystal  grains 
grow  in  a  similar  way  in  the  entire  thickness  region.  On  the  other  hand,  grain  growth  of  IMC 
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Figure  8.  AFM  images  of  IMC  buffer  layers  (b)-(h)  and  conventional  buffer  layers  (i)-(o)  for  film  thickness  of  1, 
2,  3,  4,  10,  50,  100  nm.  Rq  represents  the  RMS  roughness  of  the  films. 
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Figure  9.  Film  thickness  dependence  of  average  grain  size  of  IMC  and  conventional  buffer  layers, 
buffer  layer  can  be  classified  into  three  stages:  stage  I  of  1-3  nm  in  thickness,  stage  II  of  4-30  nm  in 
thickness,  and  stage  III  of  3 1-100  nm  in  thickness.  In  the  stage  I,  the  average  grain  size  is  a  nearly  constant 
of  7  nm  because  of  little  nucleation.  In  the  stage  II,  the  average  grain  size  jumps  to  1 3  nm  at  a  threshold 
thickness  of  4  nm  and  then  it  increases  to  17  nm  at  30  nm  in  thickness.  In  the  stage  III,  grains  grow  fast  to 
47  nm  at  100  nm  in  thickness.  In  the  stages  II  and  III,  the  average  grain  size  of  IMC  buffer  layers  is  larger 
than  that  of  conventional  buffer  layers. 
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Figures  10(a),  (b)  and  (c),  (d)  display  the  grain  size  distribution  of  IMC  and  conventional  buffer  layers 
as  a  parameter  of  the  film  thickness.  For  IMC  buffer  layers  of  1-3  nm  in  thickness,  the  distributions  are 
close  to  that  of  a  glass  substrate,  again  suggesting  little  nucleation.  When  the  thickness  increases  from  3  to 
4  nm,  there  is  a  notable  change  in  the  distribution,  because  nucleation  takes  place  at  4  nm.  The  most 
important  difference  between  the  grain  size  distribution  of  IMC  buffer  layers  and  conventional  buffer 
layers  is  that  the  number  density  of  small  grains  for  IMC  buffer  decreases  considerably  with  increasing  the 
film  thickness,  whereas  that  for  conventional  buffer  remains  high  even  at  100  nm.  From  these  results,  we 
can  conclude  that  nucleation  of  IMC  buffer  layers  takes  place  in  a  very  short  period,  and  Zn  and  O  atoms 
impinging  on  the  surface  mainly  contribute  to  grain  growth  after  the  period.  This  feature  of  IMC  buffer 
layers  is  the  key  for  obtaining  high-quality  ZnO  based  TCOs  deposited  on  IMC  buffer  layers. 
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Figure  10.  Grain  size  distribution  of  NMC-ZnO  (a),  (b)  and  ZnO  (c),  (d)  as  a  parameter  of  film  thickness. 
Characteristic  lateral  size  distribution  of  glass  substrate  is  also  shown  in  (a)  and  (c)  for  comparison. 


3.2. 1.3  Lateral  correlation  length  of  IMC  buffer  layers 

The  lateral  correlation  length  £,  which  provides  a  measure  of  the  surface  diffusion  length,  were 
deduced  form  the  height-height  correlation  function  (HHCF)  analysis  [21-23] .  Figure  1 1  shows  HHCF  of 
IMC  and  conventional  buffer  layers,  indicating  that  introduction  of  nitrogen  increases  the  lateral 
correlation  length  £  of  ZnO  films,  that  is,  migration  of  adatoms  at  the  growth  surface  is  enhanced  by  IMC 
method.  Here  the  films  thickness  of  buffer  layers  is  10  nm.  Such  surface  migration  allows  adatoms  to 
reach  the  lowest  thermodynamically  favored  lattice  positions,  and  therefore,  the  crystal  grain  size  becomes 
larger  and  the  crystallinity  of  the  films  improves  as  described  in  the  next  section. 
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thickness  was  10  nm. 


3.2. 1.4  Crystallographic  characteristics  of  IMC  buffer  layers 

Figure  12  shows  the  x-ray  diffraction  patterns  of  IMC  buffer  layers.  XRD  wide  scan  (Fig.  12  (b)) 
shows  no  peak  apart  from  (0002)  peaks  around  34°  and  (0004)  peaks  around  72°,  indicating  an  oriented 
growth  along  the  c-axis  perpendicularly  to  the  substrate  surface.  This  is  also  a  clear  evidence  that  there  is 
no  antibixbyite  Zn3N2  and  only  ZnO  phase  presents  in  the  film.  With  increasing  the  film  thickness  from  10 
to  100  nm,  FWHM  becomes  narrower  associated  with  a  larger  grain  size  of  the  film.  The  grain  size 
deduced  from  FWHM  increases  from  10.37  nm  for  10  nm  in  thickness  to  30.26  nm  for  100  nm  in 
thickness.  Figures  12  (c)  and  (d)  show  2 9-co  scans  and  rocking  curves  of  ZnO  (0002)  plane.  FWHM  of 
2 9-cd  scan  for  IMC  buffer  layer  is  narrower  than  that  for  conventional  buffer  layer,  associated  with  a 
larger  grain  size  of  IMC  buffer  layers,  the  results  of  which  are  in  good  agreement  with  the  average  grain 
size  derived  from  AFM  images  shown  in  Figure  9.  FWHM  of  rocking  curve  for  IMC  buffer  layer  is  also 
smaller  than  that  for  conventional  buffer,  indicating  that  IMC  buffer  has  better  out-of-  plane  crystal 
alignment. 

3.2. 1.5.  Growth  mechanism  of  IMC  buffer  layers  non-epitaxially  grown  on  glass  substrates 

Based  on  the  aforementioned  investigation,  we  propose  a  growth  mechanism  of  IMC  buffer  layers  on 
glass  substrates.  The  growth  of  IMC  buffer  layers  is  classified  into  three  stages,  that  is,  stage  I  of 
pre-nucleation,  stage  II  of  nucleation  and  grain  growth  for  4-30  nm  in  thickness,  and  stage  III  of 
coalescence  for  3 1-100  nm  in  thickness.  In  plasma,  nitrogen  atoms  are  generated  through  electron  impact 
dissociation  of  N2  or  charge  exchange  between  N2  and  Ar+  followed  by  dissociative  recombination  of  N2+ 
[24,25].  Therefore  nitrogen  as  well  as  Zn  and  O  impinge  on  the  substrate  surface.  Among  these  impinging 
species,  Zn  and  O  tend  to  deposit  as  ZnO  on  the  surface,  whereas  nitrogen  atoms  are  adsorbed  and  migrate 
on  the  surface  and  are  eventually  desorbed  from  the  surface.  At  the  early  stage  of  the  growth,  Zn  and  O  on 
the  substrate  surface  may  collide  with  each  other  to  join  into  small  clusters,  then  some  clusters  grow  to 
large  ones.  Such  large  clusters  are  not  in  a  stable  state  before  overcoming  a  nucleation  energy  barrier  AG* 
to  reach  a  critical  radius  for  nucleation.  Nitrogen  atoms,  “impurities”,  tend  to  suppress  nucleation  of  ZnO, 
when  they  are  adsorbed  onto  the  surface  of  clusters  and/or  the  substrate  surface  as  shown  in  the  stage  I  for 
the  film  thickness  from  1  to  3  nm  [26].  Thus  nitrogen  atoms  increase  the  nucleation  energy  barrier,  the 
critical  radius  for  nucleation,  and  the  critical  concentration  of  adatoms  on  the  surface  for  nucleation. 
Additional  doses  of  Zn  and  O  impinging  on  the  substrate  bring  the  concentration  of  adatoms  on  the  surface 
above  the  critical  concentration  for  nucleation,  leading  to  spatially  uniform  nucleation  for  the  film 
thickness  of  4  nm.  After  nucleation  takes  place  in  a  very  short  period,  nucleation  ceases;  because  adatoms 
on  the  surface  are  preferentially  adsorbed  to  nuclei  growing  to  grains  and  the  concentration  of  adatoms  on 
the  surface  becomes  below  the  critical  concentration  for  nucleation  in  the  stage  II.  This  nucleation  in  a  very 
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short  period  brings  grains  with  rather  uniform  size  and  hence  flat  surface.  The  growing  grains  then  start  to 
collide  with  each  other  and  coalesce  to  form  a  continuous  polycrystalline  film  with  a  large  grain  size  in  the 
stage  III. 

In  the  case  of  conventional  buffer  layers,  the  nucleation  energy  barrier  AG*  is  low  and  hence 
nucleation  takes  place  even  at  low  temperature  <100°C  [27].  Therefore,  at  300°C  in  this  study,  nucleation 
takes  place  even  for  very  low  dose  of  Zn  and  O.  Because  the  size  of  nuclei  is  very  small  due  to  the  low 
nucleation  energy  barrier;  this  nucleation  at  the  very  early  stage  is  difficult  to  be  clearly  distinguished  in 
AFM  images.  Then  such  small  nuclei  grow  to  grains  by  absorbing  some  adatoms  on  the  substrate  surface 
and  such  grains  are  appreciable  in  Figure  8  (k),  whereas  other  adatoms  still  contribute  to  new  nucleation 
because  the  critical  concentration  for  nucleation  is  low  compared  with  IMC  buffer  layers.  Therefore  the 
nucleation  period  of  conventional  ZnO  is  long  compared  with  IMC  buffers.  This  successive  nucleation  in 
the  nucleation  stage  brings  about  less  uniform  spatial  distribution  of  grains  with  a  wide  size  range.  As  a 
result  a  polycrystalline  film  with  a  rather  wide  crystal  grain  size  range  is  formed. 

3.2.2  Fabrication  of  low-resistive  AZO  films  on  IMC  buffer  layers 

By  utilizing  IMC  buffer  layers,  AZO  films  with  high  crystal  quality  have  been  obtained.  For  AZO  films  on 
10-nm-thick  IMC  buffer  layers,  FWHM  of  XRD  20-go  scan  of  (0002)  plane  is  about  0.2°,  whereas  the 
FWHM  for  AZO  films  without  buffer  layer  is  0.4-0.60,  depending  on  the  deposition  conditions.  Here  the 
thickness  of  AZO  films  is  100  nm.  Furthermore,  by  utilizing  IMC  buffer  layers,  AZO  films  with  low 
resistivity  have  been  obtained.  Figure  12  shows  the  resistivity  of  AZO  films  prepared  on  IMC  buffer 
layers  as  a  function  of  AZO  film  thickness.  The  most  remarkable  effect  of  IMC  buffer  layers  is  a 
significant  reduction  in  the  resistivity  for  the  films  thinner  than  100  nm.  The  resistivity  of  AZO  films 
fabricated  by  a  conventional  sputtering  increases  substantially  from  6.3xl0"4  to  1.5xl0'3  Qcm  with 
decreasing  the  film  thickness  from  200  nm  to  20  nm,  while  the  resistivity  of  AZO  films  with  IMC  buffer 
layers  is  low  of  2.8-3.2xl0"4  Q  cm  in  the  thickness  range  20-200  nm.  In  the  case  of  conventional 
sputtering,  the  excessive  nucleation  with  various  orientations  is  induced  by  high  energy  of  impingement  of 
the  sputtered  species  and/or  the  fragments  from  plasma  at  the  initial  stage  of  the  deposition.  As  the  film 
grows,  the  films  are  gradually  dominated  by  c-axis  orientation  due  to  the  large  anisotropic  surface  energy 
and  large  growth  rate  along  c  axis  of  wurtzite  structure.  Therefore,  the  crystallinity  of  the  conventional 
AZO  films  changes  much  with  the  film  thickness,  which  has  been  confirmed  by  XRD  analysis.  This  is  one 
of  the  reason  why  the  resistivity  increases  much  with  decreasing  the  film  thickness  in  the  case  of 
conventional  sputtering.  On  the  other  hand,  on  IMC  buffer  layers,  AZO  films  with  high  crystallinity  are 
grown  from  the  early  stage  of  deposition,  owing  to  the  high  crystal  quality  of  IMC  buffer  layers.  As  a 
result,  the  crystallinity  of  AZO  films  deposited  on  IMC  buffer  layers  does  not  change  Figure  12.  Resistivity 


of  AZO  films  prepared  with  and  without  IMC  buffer  layers  as  a  function  of  AZO  film  thickness.  The  buffer  layer 
thickness  is  10  nm. 
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with  the  film  thickness,  and  low  resistivity  is  observed  even  for  the  films  with  small  thickness.  For 
instance,  at  the  thickness  of  20  nm,  the  resistivity  of  AZO  films  prepared  by  a  conventional  method  is 
1.5xl0"3  Qcm,  whereas  the  resistivity  of  AZO  films  prepared  on  the  buffer  layers  is  3.2xl0"4  Qcmthat  is 
even  smaller  than  that  of  AZO  films  fabricated  by  pulsed-laser  deposition  (PLD)  [1]. 

3.2.3  Electrical  analysis  of  AZO  films  on  IMC  buffer  layers 

* Research  collaborator:  Professor  David  C.  Look,  Write  State  University,  The  United  States. 

In  order  to  further  discuss  the  effects  of  IMC  buffer  layers  especially  on  the  electrical  properties  of 
AZO  films,  collaborative  research  with  Prof.  David  C.  Look  of  Write  State  University  has  been 
performed.  He  examined  the  buffer  effects  by  calculating  the  electrical  thickness  dc\  of  AZO  films,  which 
is  different  than  the  metallurgical  thickness  d ,  bulk  donor  and  acceptor  concentrations,  and  new  figure  of 
merit  d*  to  describe  interface  quality  [28].  He  found  that  the  volume  carrier  concentration  n  of  AZO  films 
is  independent  of  the  thickness  d  over  the  thickness  range  25-147  nm,  and  n  is  also  not  affected  by  the 
presence  of  IMC  buffer  layers.  However,  the  mobility  is  strongly  influenced  by  IMC  buffer  layers, 
exhibiting  independence  from  AZO  film  thickness  and  increased  magnitude  at  a  given  thickness  of  AZO 
films.  Theoretical  analysis  shows  that  the  observed  lower  mobility  in  thinner  AZO  layers,  especially  in 
those  without  a  buffer,  is  due  to  increased  scattering  at  the  interface  because  the  electrons  are  closer  to  it. 
The  effect  of  IMC  buffer  layers  is  to  reduce  this  scattering  and  also  to  reduce  or  eliminate  the  trapping  at 
the  interface  of  free  electrons  from  the  bulk. 


4.  SUMMARY 

In  this  research,  a  fabrication  method  of  ZnO  based  on  magnetron  sputtering,  “impurity-mediated 
crystallization  (IMC)”,  has  been  developed,  where  crystal  nucleation  and  growth  are  controlled  by 
adsorbed  impurities  on  the  growth  surface.  The  crystal  growth  mechanism  of  ZnO  prepared  by  IMC 
method  has  been  clarified  by  observation  of  the  morphology  evolution  during  film  growth  of  both  epitaxial 
and  non-epitaxial  ZnO  films.  Utilizing  the  IMC  films  as  buffer  layers,  two  kinds  of  high  quality  ZnO  films 
have  been  fabricated.  One  is  single  crystalline  ZnO  films  on  lattice-mismatched  c-plane  sapphire 
substrates  for  LED  and  LD  applications,  and  the  other  is  very  low  resistive  ZnO:Al  films  on  glass 
substrates  for  TCO  applications.  The  high  quality  ZnO  films  obtained  by  IMC  method  will  lead  to 
replacement  of  rare-metal-based  materials  such  as  GaN  and  In203:Sn  in  optoelectronic  devices,  bringing 
significant  reduction  in  the  cost  as  well  as  the  damage  to  human  health  and  the  environment.  Since  the 
application  of  IMC  method  is  not  limited  to  ZnO,  this  method  will  not  only  accelerate  the  practical  use  of 
ZnO  in  optoelectronic  devices  but  also  open  up  a  new  pathway  for  development  of  other  oxide  materials 
that  have  no  cost-effective  lattice-matched  substrates. 
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